[1] A common paradigm is that chernozem soils developed in the Holocene under grassland steppes, with their formation largely determined by three factors, parent material, climate and faunal mixing. For European chernozems, however, pollen records show that steppes were rare. Here, using high-resolution transmission electron microscopy, electron energy loss spectroscopy, micro Raman spectroscopy and radiocarbon dating, we characterized the nanomorphology and chemical structure of soil organic carbon (SOC) from central European chernozems. We identified submicron remnants of burned biomass (15-45 percent of SOC), coexisting as amorphous charblack carbon (BC) derived from pyrolized cellulose or soot-BC. The BC was several millenia in age (1160-5040 carbon-14 years) and up to 3990 radiocarbon years older than bulk SOC, indicating significant residence times for BC in soils. These results challenge common paradigms on chernozem formation and add fire as an important novel factor. It is also clear that the role of fire in soil formation has been underestimated outside classical fire prone biomes. Furthermore, our results demonstrate the importance of quantifying BC in soils because of its large contribution, longevity and potential role in the global biogeochemical carbon cycle.
Introduction
[2] Chernozems, also known as mollisols, are among the most agriculturally productive soils in the world. Chernozems, often developed on loess or glacial till, are common in the steppe grasslands of the Americas and Eurasia, and are also found in central Europe [Duchaufour, 1998] . A common paradigm is that chernozems are zonal soils, with their development mostly determined by continental climate [Bell and McDaniel, 2000] . Cold and dry winters are assumed to slow biomass decay, and macrofauna mix accumulating soil organic matter into the upper soil horizons [Bell and McDaniel, 2000] . The European chernozems, today under milder and wetter climate, are regarded as relics formed during the early Holocene, when a cooler climate supported rich steppe vegetation. However, pollen records show that mixed forests covered large parts of Holocene Europe, and grasslands steppes were rare [Schmitz, 1955] . Also, at present the reason for the black soil color of European chernozems is not clear. The presence of humic material colors soils (dark) gray, but not black.
[3] Recent studies revealed an apparent relationship between dark soil color and the presence of residues from vegetation fires, such as black carbon (BC) [Glaser et al., 2000; Ponomarenko and Anderson, 2001; Schmidt and Noack, 2000; Skjemstad et al., 1997] . BC forms during biomass burning, and is a chemically heterogeneous, biologically refractory class of carbon compounds ubiquitous in the environment [Goldberg, 1985] . In black Australian grassland soils, under aboriginal fire management for thousands of years, up to 30% of the soil organic carbon (SOC) was present as BC, whereas adjacent forested soils that were not subjected to regular aboriginal burning were gray and contained little BC [Skjemstad et al., 1997] . In Amazonia, Glaser et al. [2000] found, associated with Native American settlements, kilometer-sized patches of BC-containing black soils surrounded by less intensely colored oxisols. In Europe a systematic 10-km color sequence of four chernozemic soils, all very similar in chemical and physical properties, showed a strong relationship between color intensity and BC content, with BC constituting up to 45% of the SOC [Schmidt et al., 1999] . None of these studies, however, directly identified the BC component or gave direct analytical evidence on BC sources and when it was formed.
[4] In BC analysis, mass yields can differ between different methods by a factor of 571 [Schmidt et al., 2001] , because individual methods are inherently designed to analytically determine different parts of the continuum of BC materials. This comparative exercise also showed that high-energy UV photooxidation detects a broad range of the BC combustion continuum and allows the reproducible separation of BC from soils with essentially no contamination by fresh plant particulate organic matter [Schmidt et al., 1999; Skjemstad et al., 1996] , in quantities sufficient to determine a full range of biogeochemical parameters. This method oxidizes all organic matter, except (1) physically protected (e.g., buried inside stable soil microaggregates) or (2) chemically recalcitrant organic matter, such as BC.
[5] In the following, we addressed two questions on the formation of European chernozems. (1) Was the BC formed through burning biomass? (2) When did the BC form (e.g., from periglacial steppe fires or recent agricultural burning)? In a detailed biogeochemical analysis of submicron soil BC particles, we quantified and unambiguously identified BC particles as remnants of burning biomass with several independent analytical methods. Radiocarbon data show that BC formed up to several millennia ago. These results show that common paradigms on the formation of European chernozems as zonal soils have to be expanded, and that fire can be an important novel factor in soil formation, along with climate, parent material and bioturbation. Furthermore, these results demonstrate the importance of quantifying BC in soils because of its large contribution and longevity.
Material and Methods

Soils
[6] We selected six samples (Table 1 ) from a set of previously well characterized sites all probably containing BC [Schmidt et al., 1999] . To minimize anthropogenic influence from plowing and bomb 14 C we analyzed those horizons deeper than 25 cm. South of Hannover the loess soils Adenstedt, Sossmar and Harsum represent a color sequence changing from gray to black within a few kilometers, with very similar soil properties, except for the striking variation in color, most likely related to the BC content. Seeben, north of Halle/Saale, was farmland since the beginning of the 20th century, and Diedenhofen, south of München, was under coniferous vegetation for at least 100 years formed from loess overlying fluvial gravel. The soil from Grossenbrode, on the Baltic coast, formed from till. Sample names used here correspond to those used in previous work [Schmidt et al., 1999] 
Bulk Chemical Analysis
[7] Roots and visible plant remains were removed from the samples where possible. The samples were frozen and freeze dried. Soil aggregates were crushed and the fraction >2 mm was removed by dry sieving. The pH (in 0.01 m CaCl 2 ) was measured with a glass electrode in the supernatant suspension of a 2.5:1 (water:soil by weight). For elemental analysis, a subsample was milled in a ball mill for 10 min. Carbon and nitrogen contents were determined by dry combustion in duplicate with an Elementar Vario EL. The minimum detectable amounts were 0.1 ± 0.3 g kg À1 for C and N. For the various fractions investigated during the photo-oxidation procedure, carbon was determined by a modified chromic acid digestion procedure [Heanes, 1984] .
High Energy UV Photooxidation
[8] Soils were saturated with Na + to facilitate the separation of silt and clay particles. Na + saturation was completed by shaking 10 g of soil in 50 mL of 5 M NaCl in centrifuge tubes and centrifuging at 850 G for 10 min and filtering the supernatant (GF/A glass filter paper). Samples were washed with 1 M NaCl twice and then dialyzed against distilled water until free of salt. Each sample was transferred to a 250-ml beaker with 100 mL of water. Sonified samples were allowed to stand for 3 min to separate large particles, and the supernatant was poured through a nest of sieves (200 and 53 mm) into a measuring cylinder. Ultrasonic treatment and decantation was repeated twice. After the third sonification, the remaining sample was transferred to the cylinder through the sieves, and the <53 mm fraction was made to 500 ml. Aliquots of the <53-mm suspension, comprising approximately 2.5 mg organic C, were placed in quartz test tubes and made up to 20 mL with water. To keep the sample in suspension, particles larger than 53 mm were removed to prevent clogging, and CO 2 free air was introduced to the bottom of each tube. A stainless-steel cold-finger condenser was inserted to maintain room temperature. All suspensions where photooxidized at 2.5 kW for 2 h. After photooxidation, suspensions were transferred to centrifuge tubes, 0.5 mL of saturated Al 2 (SO 4 ) 3 solution added and the samples centrifuged at 850 G for 10 min and washed twice with water. Several samples (30 -50) of each soil were photooxidized and combined prior to HF treatment and then freeze-dried. Major proportions of the bulk soil carbon (54 -82% of the bulk organic carbon) were present in these <53-mm fractions, and were subsequently investigated. Previous studies showed that the larger (>53 mm) fraction often is dominated by less decomposed plant debris, whereas charred particles are rare. Analytical details for the quantification of black carbon through nuclear magnetic resonance measurements were given previously [Schmidt et al., 1999; Skjemstad et al., 1996] .
Scanning Electron Microscopy
[9] SEM was carried out on a Cambridge Stereoscan S250 on samples coated with 20-30 nm of carbon. Elemental characterization was done using a Link AN1000 EDX analyzer.
High Resolution Transmission Electron Loss Spectroscopy
[10] High-resolution transmission electron microscopy (HRTEM) directly images the polyaromatic skeleton present in BC (i.e., 002 lattice fringes). For HRTEM analysis UVtreated samples were dispersed ultrasonically in chloroform and deposited on copper grids supported with Lacey carbon films. Two HRTEMs were used for analytical characterization, the JM 3010 (Jeol) run at 300 keV combined with the LINK Isis EDX System (Oxford) and the TEM/STEM Philips CM 200 FEG run at 200 keV combined with the EDAX (DX4) analysis system.
Electron Energy Loss Spectroscopy
[11] Electron energy loss (EEL) spectroscopy yields quantitative information on presence and type of carbon, independent from direct observability. EEL spectroscopy detects integral intensities of p-and s-electronic transitions of carbon atoms, and differentiates between three carbon modifications: diamond, well ordered graphite and poorly ordered amorphous carbon. Measurements were performed on those particles previously observed by HRTEM, freestanding over holes on the supporting carbon film. For electron energy loss spectroscopy (EELS), we used a Gatan imaging filter (GIF 100) attached to a TEM/STEM Philips CM 200 FEG. Spectra were taken by focusing the electron beam on an area of less than 100 nm diameter (represented by the size figures on the HRTEM image). EEL spectra were recorded with an energy dispersion of 0.1$eV per pixel, and an energy resolution of about 1 eV. Recorded EEL spectra consisted of elastically scattered electrons, the zero loss, and the inelastic ally scattered electrons. Corrections of the spectra (removal of the zero loss, deconvolution with the zero loss, background-subtraction and removal of the multiple scattering) were performed using the Gatan EELS software EL/P.
Raman Spectroscopy
[12] Raman spectroscopy is frequently employed for structural investigations of carbon materials and yields information on the presence of molecules and also allows an estimate of the degree of structural order within BC. Micro Raman measurements were performed on a Labram 1 (Dilor) exciting with a He-Ne-laser (632.8 nm), and recorded between 900 and 2000 cm À1 Stokes Raman shift. For baseline correction, fluorescent background was subtracted using a linear fit.
Radiocarbon Measurements
[13] At the Max-Planck-Institut für Biogeochemie Jena, Germany (J) dried samples were combusted to CO 2 , reduced to graphite with H 2 gas, and then measured for radiocarbon.
14 C is reported as percent modern carbon (Table 1) , where 100 percent refers to the year 1950. Assuming that photo-oxidation selectively extracts BC, [14] To assess the number of fires needed to produce the amount of BC detected in these soils, we needed two types of information, carbon density of the vegetation at that time and the conversion rate of biomass carbon to BC during fire. First, temperate forest dominated this region through most of the Holocene and today has an aboveground biomass carbon density of 134 Mg C ha À1 [Roy et al., 2001] . Second, published conversion rates of biomass carbon to BC are scarce and vary with analytical methods used and ecosystem investigated, i.e., 1.4-3.4% for savannas [Kuhlbusch and Crutzen, 1995] and 8% for temperate coniferous forest [Tinker and Knight, 2000] . Data for temperate mixed forest do not exist and so we used both the largest and smallest conversion rate to calculate the amount of BC formed through biomass burning. Thus, fire in temperate forest could produce 1.9-10.7 Mg carbon per hectare as BC. Here, soils contained 1.7 (Grossenbrode) to 7.6 g BC kg À1 soil (Harsum), which is equivalent to 13.6 and 60.8 Mg carbon stored in 0.5 m soils depth (bulk density: 1.6 Mg m À3 ). Thus, a total of 1 -7 fire events (respectively 6 -32 fires) could have produced the measured BC content.
Burned Biomass and Number of Fires
Results and Discussion
Bulk Chemical Composition
[15] Results (Table 1) show that in the light colored soil from Adenstedt, UV photooxidation removed the majority of organic carbon leaving only about 10% of the bulk organic carbon. In the dark colored soils, larger proportions (18 -45% of the bulk organic carbon) survived oxidation, obviously representing a refractory fraction of SOC, potentially BC. To identify the nature of this refractory fraction, we selected three samples from different geographic regions (Diedenhofen, Seeben, Harsum). We employed a suite of complementary F resolution microscopy combined with spectroscopic and isotopic methods.
Submicron Morphology (SEM and HRTEM)
[16] Scanning electron microscopy (SEM) showed that larger particles often had morphologies characteristic of the xylem structure of woody material (Figure 1a, inset) , whereas smaller particles formed aggregates, not identifiable by SEM (Figure 1a ). These and many of the fine particles were probed with energy dispersive X-ray analysis (EDX) and found to contain no elements with an atomic weight greater than sodium, except for sulfur.
Few particles could be identified as mineral. Fresh and partly decomposed plant material with cellulose and lignin as the main building units would have been photo-oxidized [Skjemstad et al., 1996] , suggesting that the organic particles were chemically protected against oxidation. In fact, the chemical structure of the protected organic carbon was highly aromatic, as shown by 13 C nuclear magnetic resonance spectroscopy earlier [Schmidt et al., 1999] . Lignin contributed only a small part of the observed aromatic carbon. Unsubstituted aromatic carbon structures represented large proportions (15 -45%) of the bulk SOC, and are known to form typical constituents of BC. These data represent strong circumstantial evidence for the presence of BC.
[17] Direct evidence for the presence of BC came from high-resolution microscopy and spectroscopy, providing direct visual and spectroscopic information of the interior of the particles. High-resolution transmission electron microscopy (HRTEM) is a powerful, but sparingly applied tool for direct observation of BC in soil [Poirier et al., 2000] and is here combined for the first time with highresolution electron energy loss (EEL) and Raman spectroscopy. HRTEM directly images the polyaromatic skeleton present in BC (i.e., 002 lattice fringes). From submicron morphology and elemental composition we inferred information on the processes forming the BC. Carbon particles in the sample from Harsum (Figure 1b ) (diameter 20-2000 nm) were almost amorphous with no detectable lattice plane fringes. Oxygen contents of the carbon particles varied from a few up to about 15 atomic percent, typical for cellulose pyrolized between 400 and 600°C [Jäger et al., 1998 ]. Observed morphologies agree with results of pyrolysis experiments on cellulose, the major constituent of plants, covering the temperature range often encountered in natural fires. Carbon particles from Diedenhofen ( Figure  1c ) were also amorphous (see inset) but often larger (100-3000 nm diameter) than those from the Harsum sample (Figure 1d ). Morphology corresponds to pyrolysis temperatures of about 600°C. Here a striking feature is the extremely short-range chemical heterogeneity of BC, indicated by atomic ratios of oxygen-to-carbon (O/C) varying between 0.04 and 0.11 within less than a micrometer. The submicron chemical heterogeneity of naturally formed soil BC shown here, exemplifies that BC represents a continuum of materials, and why different analytical techniques (determining different parts of that continuum) produce different results. In the Seeben sample (Figure 1d ), two morphologies of carbon coexist. First, there are larger particles (average sizes of several hundreds of nanometers) consisting of irregularly shaped graphite-like substructures with lattice fringe distances between 0.35 and 0.40 nm and average aromatic layer extending 2-2.5 nm. These coiled structures resemble cellulose, pyrolyzed at higher temperatures (about 800°C). The particles retained the physical form of the parent fuels and formed the residual, amorphous carbon (char-BC). Second, smaller spherical BC particles (4 -40 nm diameter) could be detected in the sample, consisting of bent or planar, almost concentrically arranged graphitic units. These particles are similar to concentric BC nanoparticles formed from extensive recombination of small free radicals within flames (soot-BC) [Jäger et al., 1999 [Jäger et al., , 1998 Rouzaud and Oberlin, 1989] . Although temperatures inferred from the BC morphologies depend on material, shape and other factors and thus can only be estimates, our results visualize chemical and morphological similarities and differences of BC from different sites and within a single BC particle. In the following, we focus on more quantitative information obtained by spectroscopic and isotopic analysis.
Spectroscopic Information (EEL and Raman)
[18] Quantitative information on the presence and type of carbon, independent of direct observation, was obtained using electron energy loss (EEL) spectroscopy on those particles previously identified by HRTEM and EDX. EEL spectroscopy detects p-and s-electronic transitions of carbon atoms, with integral intensities proportional to the number of sp 2 -and sp 3 -hybridization states. EEL spectroscopy can differentiate between three carbon modifications ( Figure 2 ) diamond, well ordered graphite and poorly ordered amorphous carbon [Jäger et al., 1999] . Essentially, typical EEL spectra of the Harsum and Diedenhofen sample are similar to those of amorphous carbon, with a broad signal at 286 eV and a shoulder at 288 eV. The absence of a distinct peak at 292 eV indicates a small degree of order and average size of the graphitic units. In contrast, the spectrum from Seeben is very similar to that of graphite with typical signals at 286 and 290 eV. The distinct maximum at 292 eV indicates the presence of graphite clusters made of flat 6-membered rings larger than 1.5 nm. Thus, results from EEL spectroscopy confirmed our nanomorphological observations made by HRTEM.
[19] As an additional, independent analytical technique for unambiguous identification of the refractory organic carbon present in the samples we employed Raman spectroscopy [Nemanich et al., 1988; Nistor et al., 1994] which yields information on the bulk sample (Figure 2) . Here, Raman spectroscopy essentially gave two types of information. First, signals from OH groups (2900 cm À1 ) and silicates (500 to 1000 cm
À1
) were absent and we detected no form of organic carbon other than elemental carbon, i.e. BC. Second, Raman spectroscopy allows an estimate of the degree of structural order within BC to be made [Nemanich et al., 1988; Nistor et al., 1994] . All three soil samples show signals typical of sp 2 -hybridized carbon, either well ordered Figure 1 . (opposite) Electron microscopy images of black carbon obtained by scanning electron microscopy (SEM) and high-resolution transmission electron microscopy (HRTEM). (a) Black carbon particles seen by SEM after removal of most labile soil organic matter (plant and microbial debris) by high-energy UV photooxidation. Samples are from Harsum and Diedenhofen (inset). HRTEM from the sites (b) Harsum, (c) Diedenhofen, and (d) Seeben. Elemental concentrations of carbon (C), oxygen (O), and titanium (Ti) are reported as atomic percent, including traces of aluminum and sodium. All samples contained small amounts of aluminum and sodium resulting from washing with aluminum sulfate [Schmidt et al., 1999] , and copper signals from the sample holder. We often detected rutil (TiO 2 ) needles (Figure 1b) , and sometimes found spinell, nanocrystalline sulfide, sulfate, silicate, Fe-oxide, Aland Mg-oxide, the latter also forming cauliflower-like structures.
(G-line) or nanocrystalline (D-line), although differing in intensity. The sample from Seeben contains less amorphous carbon, whereas samples from Harsum and Diedenhofen show a stronger band at about 1500 cm À1 due to amorphous sp 2 carbon and an additional band at 1150 cm À1 and 1530 cm À1 due to amorphous sp 3 -and sp 2 -hybridized carbon, respectively. Raman spectroscopy indicates that amorphous carbon (i.e., char-BC) dominates in the samples from Diedenhofen and Harsum, and that in the Seeben sample both amorphous and graphitic carbon (i.e., soot-BC) coexist, with the latter dominating. These results are consistent with HRTEM observations and EEL spectroscopy, Summarizing, we identified the presence of BC in the samples with several independent analytical tools, and detected biomass burning as their most likely source.
Radiocarbon Composition
[20] To infer the residence time for BC in soils, we measured the radiocarbon content ( 14 C) of bulk SOC and BC-SOC for all six soil samples (Table 1; Figure 3 ). Fossil fuel-derived BC contains no radiocarbon ( 14 C circa 0% modern radiocarbon), whereas modern BC from biomass burning has a 14 C greater than 100% modern carbon, indicating the presence of bomb 14 C introduced around 1960. Both bulk SOC and BC samples contained less than 100% modern radiocarbon. To further test the data, we also calculated 14 C values for non-BC SOC from the mass balance (see Figure 3 caption). Briefly, non-BC SOC always contained less than 100% modern carbon, within the analytical error even for the Grossenbrode sample, which contained the most radiocarbon. BC always contained less radiocarbon than bulk SOC, except for the sample richest in BC (Harsum) where 14 C is identical for soil SOC and BC within the analytical error. The fact that bulk SOC typically contained more radiocarbon than BC points to the addition of modern biomass radiocarbon to the bulk soil. Indeed, continuous reworking by bioturbation (e.g., by earthworms and roots) is typical in soils and is in sharp contrast to many sediments. Samples rich in BC (i.e., large ratios BC/OC) overlap their bulk SOC 14 C signature (i.e., BC and bulk SOC plot closer). As demonstrated previously, the sample from Seeben contained some soot-BC, which seems to be much older (5040-5330 carbon-14 years) than the bulk SOC. This high apparent BC age could point to the longevity of soot-BC compared to char-BC, although we can not exclude contributions to soils of dead carbon from fossil fuel burning in industrialized areas [Lichtfouse et al., 1997; Poirier et al., 2000] .
[21] The measured radiocarbon content of a BC-fraction may result in two ways. First, if BC formed over several events or contained younger humic material (e.g., through faunal mixing or pedogenetic migration) then an average of these materials rather than a true age will be measured, suggesting that some of the BC has an even greater residence time. Contamination of BC with modern carbon probably is less important, although we cannot exclude input of small amounts of BC from more recent burning as part of the cultivation cycle. The fact that the non-BC carbon is calculated to be less than 100% modern suggests that recent burning is unlikely to be a major source of the measured BC. Second, if BC originates from biomass formed over a short period of time, it would have a single 'true' 14 C-age. It is possible that the quantities of BC-SOC measured in these soils were produced by a small number of fire events, given aboveground biomass carbon density [Roy et al., 2001] and conversion rate biomass to BC [Kuhlbusch and Crutzen, 1995; Tinker and Knight, 2000] . Details for this calculation are given section 2. When calibrated, 14 Cages are consistent with regional human slash-and-burn history [Häßler, 1991; Jockenhövel, 1994] . Thus, those submicron-sized BC particles from burning biomass could originate from Neolithic or Medieval human burning of forests. Recent archaeological findings in the region studied here seem to support our hypothesis and show that chernozems often contained remnants of burned biomass and were Figure 2b : EEL core loss spectra: diamond shows a steep rise at about 290 eV with three distinct bands between 290 and 315 eV, representing 1s-s* transitions. A sharp and intense band from graphite at 286 eV is attributable to electronic transitions between the 1s shell and the antibonding p orbital (1s-p*), while 1s-s* transitions produce a very broad band above 290 eV. Amorphous carbon's p electrons produce a band at 286 eV. With increasing curvature of graphitic subunits (or the presence of C = O groups) a shoulder (286-288 eV) appears, associated with a decrease in the p electron content. associated with Neolithic settlements [Gehrt et al., 2002] . At this stage, we only can speculate on the origin of the BC. It seems, however, that some dark colored soils can be associated with human habitation, and humans could have been a factor in ancient ecosystems over large areas.
Conclusion
[22] If BC is also present in other chernozems, the chemically recalcitrant BC could explain why humus in chernozems appears to be more stable than in other soil types [Bell and McDaniel, 2000; Stevenson, 1994] . North American temperate soils, including chernozems, are typically known to rapidly lose 50% of the initial SOC on cultivation, leaving a soil carbon fraction which does not change significantly with time [Matson et al., 1997] . As recent results show, North American chernozems can be rich in BC [Ponomarenko and Anderson, 2001 ; B. Glaser and W. Amelung, Pyrogenic carbon in native grassland soils along a climosequence in North America, unpublished manuscript, 2002] , and thus we speculate that chemical recalcitrant BC could contribute significantly to the residual SOC.
[23] The fate of BC in soils is not at present clear, and could depend on the formation of functional groups or microfaunal communities [Schmidt and Noack, 2000] . Although BC degradation processes in soil are not understood, ultimately BC will be degraded. As an analogy, some shales for example, can contain polycyclic aromatic rings as a main constituent and are relatively inert to degradation. Microorganisms, however, are able to use organic carbon in shale for assimilation [Petsch et al., 2001] , transforming the aromatic carbon into a less recalcitrant form. Because of its small particle size, BC will be transported by water and wind and accumulate in rivers and marine systems. In marine sediments, the age of BC exceeded that of the remaining sedimentary organic carbon [Masiello and Druffel, 1998 ] suggesting that the BC has aged in an intermediated reservoir for some millennia, either suspended in the ocean or in terrestrial sediments or soils. Indeed, BC can be a major component of solids suspended in rivers [Masiello and Druffel, 2001] which suggests that soils act as intermediate stage for the aging of BC prior to deposition in the ocean. Also other authors found old and nonhydrolyzable more refractory component of particulate organic carbon in rivers probably originating from soils [Raymond and Bauer, 2001] . Systematic information on the BC geochemistry of soils may be needed to understand the role of soil, degradation processes and the fluvial and marine fate of BC.
[24] Our results unequivocally demonstrate the presence of BC from biomass burning in European soils, although we can only speculate on whether the BC was formed through natural or anthropogenic burning. These data challenge the common paradigm that chernozems are zonal soils with climate, parent material and bioturbation dominating soil formation, and introduce fire as a novel, important factor in the formation of these soils. Furthermore, our results demonstrate the importance of quantifying BC in soils because of its large contribution and longevity.
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ory of John I. Hedges, who was a great mentor for so many.
